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Ddi1 belongs to a family of shuttle proteins targeting
polyubiquitinated substrates for proteasomal degra-
dation. Unlike the other proteasomal shuttles, Rad23
and Dsk2, Ddi1 remains an enigma: its function is not
fully understood and structural properties are poorly
characterized. We determined the structure and
binding properties of the ubiquitin-like (UBL) and
ubiquitin-associated (UBA) domains of Ddi1 from
Saccharomyces cerevisiae. We found that while
Ddi1UBA forms a characteristic UBA:ubiquitin com-
plex, Ddi1UBL has entirely uncharacteristic binding
preferences. Despite having a ubiquitin-like fold,
Ddi1UBL does not interact with typical UBL recep-
tors but unexpectedly binds ubiquitin, forming a
unique interface mediated by hydrophobic contacts
and by salt bridges between oppositely charged res-
idues of Ddi1UBL and ubiquitin. In stark contrast to
ubiquitin and other UBLs, the b-sheet surface of
Ddi1UBL is negatively charged and therefore is
recognized in a completely different way. The dual
functionality of Ddi1UBL, capable of binding both
ubiquitin and proteasome, suggests an intriguing
mechanism for Ddi1 as a proteasomal shuttle.
INTRODUCTION
The ubiquitin-proteasome system plays an essential role in the
biology of eukaryotes. Through turnover of short-lived proteins,
it regulates such vital processes as cell cycle progression, tran-
scription, misfolded protein degradation, and immune response
(Ciechanover, 1994a, 1994b; Conaway et al., 2002; Hicke,
2001a, 2001b; Hoege et al., 2002; Muratani and Tansey, 2003;
Rock and Goldberg, 1999; Schubert et al., 2000; Spence et al.,
1995; Yamaguchi and Dutta, 2000). Ubiquitinated proteins are
either directly recognized by the proteasomal ubiquitin (Ub) re-
ceptors (Rpn10, Rpn13) or first bound by the so-called shuttle
proteins (Rad23, Dsk2, or Ddi1), which then drive the ubiquiti-542 Structure 23, 542–557, March 3, 2015 ª2015 Elsevier Ltd All righnated proteins to the 26S proteasome for degradation (Clarke
et al., 2001; Elsasser et al., 2004; Elsasser and Finley, 2005;
Gomez et al., 2011; Hartmann-Petersen and Gordon, 2004;
Hicke et al., 2005; Husnjak et al., 2008; Kaplun et al., 2005; Kleij-
nen et al., 2000; Lambertson et al., 1999; Saeki et al., 2002).
Recognition of ubiquitinated substrates by either or both path-
ways is supported by the discovery that the function of Ub re-
ceptors is redundant, and only concurrent deletion of two or
more of the receptors causes accumulation of ubiquitinated pro-
teins (Dı´az-Martı´nez et al., 2006; Kang et al., 2006; Rao and Sas-
try, 2002; Saeki et al., 2002; Verma et al., 2004). The proteasomal
shuttle proteins contain an N-terminal ubiquitin-like domain
(UBL) and a C-terminal ubiquitin-associated domain (UBA) (Fig-
ure 1A). Rad23 has an additional UBA domain that follows its
UBL domain in the gene structure. Unlike the proteasomal Ub
receptors (e.g., Rpn10, Rpn13), the UBL-UBA shuttles are not in-
tegral subunits of the proteasomal complex. It has been hypoth-
esized that the UBL-UBA shuttle proteins utilize their UBL
domain to interact with the proteasome (primarily through the
Rpn1 subunit) and their UBA domain(s) to interact with Ub moi-
eties on ubiquitinated proteins (Bertolaet et al., 2001b; Chen
et al., 2001; Elsasser and Finley, 2005; Funakoshi et al., 2002;
Kang et al., 2006; Wilkinson et al., 2001; Zhang et al., 2009).
Ddi1 (DNA Damage-Inducible 1) protein has an unusual
composition for a UBL-UBA shuttle protein as it contains a
conserved retroviral protease fold domain (RVP), followed by a
putative PEST region and Sso binding domains (Sso-BD) (Ga-
briely et al., 2008; Sirkis et al., 2006). The detailed substrate
specificity of Ddi1 as a shuttle protein is not known; however, it
was found that Ddi1 is required for degradation of Ho endonu-
clease and F-box protein Ufo1, two proteins involved in cell cycle
progression and regulation (Ivantsiv et al., 2006; Kaplun et al.,
2005). Ho endonuclease is recruited by Ufo1 to the SCF ubiquitin
ligase complex for ubiquitination and subsequently transferred
by Ddi1 to the 26S proteasome for degradation (Kaplun et al.,
2000, 2003). Ufo1 is a unique F-box protein, which in addition
to the F-box and a protein-protein interaction domain contains
three ubiquitin-interacting motifs (UIM) that are important for
Ufo1 autoubiquitination (Baranes-Bachar et al., 2008). Interest-
ingly, it was suggested that turnover of Ufo1 depends on the
presence of Ufo1UIMs and the UBL domain of Ddi1 (Ivantsiv
et al., 2006). It is not fully understood whether Ddi1 interactsts reserved
Figure 1. Ddi1 Gene Structure and Domain Conservation among Eukaryotes
(A) Domain composition of Ddi1, Dsk2, and Rad23 from Saccharomyces cerevisiae.
(B) Domain composition of Ddi1 from selected organisms. Ubiquitin-like domain (UBL), retroviral protease-like domain (RVP), and ubiquitin-associated domain
(UBA) are shown as solid blocks; the dashed block indicates the potential presence of a C-terminal UBA, which was identified by the domain prediction software
but did not pass the threshold criteria. The UBL and RVP domains are present in almost all species, whereas the UBA domain was lost in mammals upon
evolution. See also Supplemental Experimental Procedures and Figure S1.with Ufo1 directly, but importantly, in the absence of Ddi1, Ufo1
and ubiquitinated Ho endonuclease accumulate in the cell (Ivant-
siv et al., 2006; Kaplun et al., 2005).
Although yeast Ddi1 participates in many cellular processes
(Bertolaet et al., 2001b; Gabriely et al., 2008; Ivantsiv et al.,
2006; Kaplun et al., 2000), its function is not fully understood,
and its structure and ligand binding preferences are poorly char-
acterized. The evidence that Ddi1 transfers ubiquitinated sub-
strates to the proteasome for degradation is sporadic (Ivantsiv
et al., 2006; Kaplun et al., 2005; Saeki et al., 2002; Voloshin
et al., 2012), and the role of Ddi1 in proteasomal targeting is
the least studied of all shuttle proteins (Gomez et al., 2011; Rose-Structure 23,nzweig et al., 2012). It has been reported that, unlike Rad23 and
Dsk2, Ddi1 is not involved in the UFD proteolytic pathway (Kim
et al., 2004). Moreover, interaction with Ufo1 appears unique to
Ddi1 (Ivantsiv et al., 2006) and beyond the classical role of a shut-
tle protein. It is believed that yeast Ddi1 contains an N-terminal
UBL domain and a C-terminal UBA domain, which enable the
function of Ddi1 as a shuttle. Indeed, the putative UBA domain
of yeast Ddi1 has been shown to directly interact with Ub (Berto-
laet et al., 2001b), although its 3D structure has not been deter-
mined. However, the putative UBL domain of Ddi1 remains an
enigma. In contrast to Ub and the UBLs of Rad23 and Dsk2, it
does not interact with the UIM of Rpn10 (Zhang et al., 2009).542–557, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 543
Moreover, unlike the UBLs of Rad23, Dsk2, and Ubp6, the UBL
of Ddi1 associates very weakly, if at all, with the proteasomal
subunit Rpn1 (Rosenzweig et al., 2012). These observations
raise the question whether the N-terminal region of Ddi1 is
indeed a UBL domain, and if so, what its function and recep-
tor-binding preferences are. Furthermore, the activity of RVP
domain as a protease has not been tested in the context of the
ubiquitin-proteasome system. To shed light on the complex
role of Ddi1 in protein degradation and identify the source of its
functional difference from other UBL-UBA proteins, we per-
formed structural and functional characterization of this multido-
main protein. These studies unveiled completely unexpected
binding preferences of the UBL domain of Ddi1, and provide
intriguing insights into Ddi1 function in cells.
RESULTS
Is Ddi1 a Member of the UBL-UBA Protein Family?
As already mentioned, it is believed that Ddi1 from S. cerevisiae
belongs to the family of UBL-UBA shuttle proteins. Such classi-
fication is based largely on bioinformatics analysis suggesting
that the N- and C-terminal regions of the Ddi1 gene contain
the UBL and UBA domains, respectively (Bertolaet et al.,
2001a; Clarke et al., 2001). The putative UBA domain of Ddi1
shares 30% (or higher) of its sequence with other UBA domains,
whereas the low sequence identity of the putative UBL domain
with Ub and other UBLs (Figure S1) questions its classification
as a UBL domain. Moreover, standard analysis of Ddi1
sequence using databases of conserved domains (CDD,
SMART) or protein families (Pfam) classified its C-terminal re-
gion as a UBA domain but did not predict that the protein con-
tains a UBL domain. Interestingly, our analysis of Ddi1 domain
conservation among different species indicates that, with just
one exception, the UBL domain is always present in Ddi1
sequence, whereas the UBA domain is not present in mammals
(Figure 1B). This loss of the UBA domain during evolution might
be a result of its lack of functional importance in higher organ-
isms, which then raises the question whether and how can
Ddi1 act as a shuttle protein without a Ub binding component.
These evolutionary changes in the Ddi1 gene domain composi-
tion combined with the low sequence identity to other UBL and
UBA domains necessitate a thorough characterization of the
structure and function of the putative UBL and UBA domains
of Ddi1.
Due to the large size (47 kDa) of Ddi1, we decided to focus our
nuclear magnetic resonance (NMR) studies on the isolated N-
and C-terminal Ddi1 fragments containing the putative UBL
and UBA domains, respectively. Prior to characterizing these
fragments in isolation, we established that their structural/spec-
tral properties are the same as in the context of the full-length
(FL) Ddi1 protein. For this purpose, we recorded and compared
NMR spectra of FL Ddi1 with the corresponding spectra of the
isolated fragments. The majority of 1H-15N NMR signals overlaid
almost perfectly, indicating that the chemical environment of
each amide group is essentially the same in the FL protein and
in the isolated fragments (Figure 2A). The small discrepancies
observed only for the few C-terminal residues in Ddi1UBL and
the few N-terminal residues in Ddi1UBA are not unexpected,
and reflect a change in the chemical environment caused by544 Structure 23, 542–557, March 3, 2015 ª2015 Elsevier Ltd All righthe truncation. These results justified the reductionist approach,
focusing on the relevant Ddi1 fragments in isolation.
It is worth pointing out that the UBA and UBL signals in the
spectrum of the FL Ddi1 are relatively sharp despite the large
size of the protein; this indicates that both domains tumble
somewhat independently from the rest of the protein and from
each other (see also below). This is further supported by the
measured values of 15N longitudinal relaxation time (T1), which
depend on the overall tumbling rate, and hence reflect the
apparent size of the molecule (Varadan et al., 2005). Specif-
ically, in the case of Ddi1UBL the general pattern of 15N T1
values is retained, and the overall level of T1 in the context of
FL Ddi1 is only slightly higher than for the isolated domain (Fig-
ure S2). The similarity of the tumbling rates for the putative UBL
domain as part of FL Ddi1 and in isolation indicates that
Ddi1UBL behaves almost independently from the rest of the
protein, thus further supporting the conclusion that the putative
UBL domain is not significantly affected by the rest of the FL
Ddi1 protein.
3D Structure of the UBA and UBL Domains of Ddi1
Having confirmed the relevance of studying the isolated putative
UBA and UBL domains of Ddi1, we set to determine their 3D
structures. Using multidimensional NMR methods we obtained
a complete 1H, 13C, and 15N assignment of both Ddi1UBA and
Ddi1UBL constructs. We then determined high-resolution struc-
tures of the UBA and UBL domains in solution using interproton
nuclear Overhauser enhancements (NOEs) as the main distance
constraints for structure calculations (Table 1) together with the
hydrogen bonding constraints confirmed by hydrogen/deute-
rium exchange experiments, backbone torsion angles predicted
by TALOS+ (Cornilescu et al., 1999; Shen et al., 2009) based on
the chemical shifts, and 15N-1H residual dipolar couplings
(RDCs) measured in weak liquid crystalline medium.
The structure of the nominal UBA domain of Ddi1 shows the
characteristic UBA fold, where three a helices connected
through two loops form a compact bundle (Figure 2B). The heli-
ces comprise residues 392–399, 405–414, and 419–426. The
ensemble of ten Ddi1UBA structures derived from our NMR
data has the backbone root-mean-square deviation (rmsd) of
0.46 ± 0.10 A˚ (Figure 2C). The back-calculated RDCs for the
lowest-energy Ddi1UBA structure have a correlation coefficient
of 0.993 and the quality factor (Clore and Garrett, 1999) of
0.078 to the experimental RDC data (Figure S2C). The backbone
rmsd values between Ddi1UBA and other UBAs range from
0.87 A˚ (Mud1UBA and hHR23A-UBA1) to 1.62 A˚ (Ubiquilin-1
UBA) (Figure S2D), similar to other UBAs (Zhang et al., 2008).
The structure of the nominal UBL domain of Ddi1 is shown in
Figure 2D. The ten lowest-energy structures (Figure 2E) have a
backbone rmsd of 0.80 ± 0.16 A˚ for residues 2–76 and 0.39 ±
0.05 A˚ for the secondary structure elements. This difference be-
tween the rmsd values reflects the presence of a long unstruc-
tured loop (residues 52–69) connecting strands b4 and b5 in
Ddi1UBL. The C-terminal residues 77–80, not included in this
comparison, had no interresidue NOE constraints and therefore
are disordered in the calculated structures. Note the excellent
agreement between the experimental and back-calculated
RDC values (correlation coefficient 0.987, quality factor 0.104;
Figure S2C). Finally, our NMR-derived structure of Ddi1UBL ists reserved
Figure 2. NMR Spectra and Structural Models of Ddi1UBA and Ddi1UBL as Individual Domains and in Full-Length Ddi1
(A) Overlay of the 1H-15N TROSY spectra of the full-length Ddi1 (red) and of the isolated fragments containing only UBA (blue) or UBL (green) domains. Shown in
insets are spectra of the individual domains with the same color coding.
(B–E) 3D structures of the UBA (B and C) and UBL (D and E) domains of Ddi1, shown as cartoon representation (B and D) and as overlay of backbone traces of ten
lowest-energy structures (C and E, respectively).
(F) Steady-state heteronuclear 15N{1H} NOE spectrum of full-length Ddi1; the black contours represent positive signal intensities (signals of the UBL and UBA)
while the magenta contours correspond to negative intensities, indicating highly flexible amide groups.
(G) A putative structural model of full-length Ddi1 protein (shown as a dimer) based on our NMR data indicating that the well-folded domains (UBL, UBA) are
connected by flexible linkers. The Ddi1UBA and Ddi1UBL structures are from panels (B) and (D), the Ddi1RVP homodimer structure is from PDB ID 3S8I (it has
Ca rmsd of 0.6 A˚ to that of yeast Ddi1RVP, PDB ID 2IIA). See also Figure S2.independently supported by the small-angle neutron scattering
(SANS) data (Figure S7F).
Our structural data clearly show that despite the low sequence
identity to Ub, the N-terminal segment of Ddi1 indeed contains a
domain with a Ub-like fold, where a five-strand b sheet is packed
against the a helix, forming the hydrophobic core of the protein
(Figure 2D). Superimposition of the atom coordinates of
Ddi1UBL and Ub revealed significant overall structural similarity
between the two proteins (Figure 3A), although the a helix of
Ddi1UBL is slightly tilted compared with that of Ub, and the b
sheet in Ddi1UBL appears somewhat flatter and not wrapped
around the helix to the same extent as in Ub. The backbone
rmsd between Ddi1UBL and Ub is 1.92 A˚ (secondary structure).
Most of the side-chain contacts forming and stabilizing the hy-
drophobic core of Ub are preserved in Ddi1UBL (Figures 3B and
3C). These include Leu28 and Leu32 (Val26 and Ile30 in Ub) that
‘‘anchor’’ the a helix, Leu71 and Ile73 (Leu67 and Leu69 in Ub)
that ‘‘anchor’’ strand b5 to the core of the protein (HaririniaStructure 23,et al., 2008), and Leu45 and Leu52 (Leu43 and Leu50 in Ub)
that are conserved among Ub and several UBLs (see Figure S1).
It is clear from the sequence and structure alignment with Ub
that Ddi1UBL does not have the ‘‘canonical’’ Leu8-Ile44-His68-
Val70 hydrophobic patch (Beal et al., 1996) characteristic for
Ub (Figure 3E) and the UBLs of Dsk2 and Rad23 (Figure S3).
However, several hydrophobic side chains form a similar sol-
vent-exposed hydrophobic surface on the b-sheet face of
Ddi1UBL that could mediate the UBL interactions with potential
binding partners (Figure 3F). These hydrophobic side chains are
spread over the entire b-sheet surface of Ddi1UBL compared
with a more compact arrangement seen in Ub and the UBLs of
Dsk2 and Rad23 (Figure S3).
A detailed inspection of the surface charges on the b-sheet
face of Ddi1UBL revealed a striking contrast with Ub, and with
the UBLs of Rad23 and Dsk2. In Ub the hydrophobic patch is
surrounded by basic side chains. However, in Ddi1UBL most
of them are replacedwith acidic side chains plus some additional542–557, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 545
Table 1. NMRConstraints andRefinement Statistics forDdi1UBL
and UBA Structures
Ddi1UBA Ddi1UBL
NMR Distance and Dihedral Constraints
Distance constraints
Total NOE 935 1101
Intraresidue 544 431
Interresidue 391 670
Sequential (ji  jj = 1) 167 296
Medium-range (ji  jj < 4) 113 141
Long-range (ji  jj > 5) 111 233
Intermolecular NA NA
Hydrogen bonds 27 25
Total dihedral angle restraints
f 27 63
c 27 63
Total RDCs 28 55
Structure Statistics (mean ± SD)
Violations
Distance constraints (A˚) 0.07 ± 0.01 0.05 ± 0.05







Deviations from idealized geometry
Bond lengths (A˚) 0.012 ± 0.001 0.162 ± 0.004
Bond angles () 1.02 ± 0.03 1.26 ± 0.04
Impropers () 2.07 ± 0.17 2.79 ± 0.17
Average pairwise rmsda (A˚)
All residues Residues 389–428 Residues 2–80
Heavy 1.04 ± 0.12 1.90 ± 0.35
Backbone 0.46 ± 0.10 1.34 ± 0.32
Secondary structure
Heavy 1.11 ± 0.12 0.89 ± 0.11
Backbone 0.40 ± 0.10 0.39 ± 0.05
aPairwise root-mean-square deviation (rmsd) was calculated among ten
refined structures using MolMol (Koradi et al., 1996).acidic residues. Most notably, Asp44 and Asp50 in Ddi1UBL are
located where Arg42 and Lys48 are in Ub, and Glu8 is positioned
close to where Lys6 is in Ub. This results in the opposite sign of
the electrostatic potential of the b-sheet surface of Ddi1UBL
compared with Ub and other UBLs (Figures 3F, 3G, and S3).
This drastic difference in the distribution of surface charges sug-
gests that although Ddi1UBL has a Ub-like fold, its binding part-
ners (and recognition preferences) should be different from those
of Ub and the other UBLs (see also below).
To further explore the similarities and differences between
Ddi1UBL and Ub, we measured steady-state heteronuclear
15N{1H} NOEs (hetNOE), which are sensitive indicators of the
backbone flexibility in a protein. Specifically, we wanted to inde-
pendently verify some salient features of the derived Ddi1UBL
structures, namely, the rigidity of the secondary structure ele-546 Structure 23, 542–557, March 3, 2015 ª2015 Elsevier Ltd All righments, the less structured (compared with Ub) b4/b5 loop, and
the unstructured C terminus. Indeed, our results show that the
amide bonds in the elements of secondary structure of Ddi1UBL
have hetNOE values at or higher than 0.75, typical for well-
defined regions in a protein (Figure S2E). Similarly to Ub,
Ddi1UBL has a highly flexible C terminus, as is obvious from
the extremely low hetNOE values for residues 76–80. Unlike
Ub, Ddi1 residues 52–60 exhibited noticeably lower hetNOEs
compared with the rest of the backbone (excluding the C termi-
nus), which indicates that the long b4/b5 loop in Ddi1UBL ismore
dynamic than a similar loop in Ub. This explains why that loop in
Ddi1UBL appears less structured than in Ub.
Ddi1 as a Multidomain Protein
Previously it was shown that UBL-UBA proteins can homodimer-
ize through intermolecular interaction between the UBL and UBA
domains (Bertolaet et al., 2001a; Sasaki et al., 2005). In the case
of Ddi1, the aforementioned similarity between the NMR spectra
of these domains in isolation and in the context of FL Ddi1 (Fig-
ure 2A) rules out both intramolecular (in cis) and intermolecular
(in trans, at least at the Ddi1 concentration of 250 mM) interaction
between the UBL and UBA domains. In addition, no UBL-UBA
interaction was detected upon titration of 15N-labeled Ddi1UBL
with Ddi1UBA (Figure S2B). These results are consistent with
the published reports that only the RVP domain is important for
Ddi1 homodimerization (Bertolaet et al., 2001a; Sirkis et al.,
2006). Note that signals from the structured RVP domain are
not easily discernible in theNMRspectrumof FLDdi1 (Figure 2A),
likely due to line broadening caused by slow tumbling of this in-
ternal dimerization domain (Kang et al., 2006). The resonances
detected beside the UBA and UBL signals are mostly positioned
in the middle of the spectrum. Unlike the UBA and UBL signals
that have positive intensities in hetNOE spectra, these signals
show negative or near zero intensities (Figure 2F), indicating
that they belong to some unstructured and highly flexible regions
of Ddi1.
Except for being responsible for Ddi1 homodimerization and
being involved in pds1-128 rescue (Bertolaet et al., 2001a; Ga-
briely et al., 2008), no other function of the RVP domain, espe-
cially in the UPS system, has been reported. To examinewhether
this retroviral protease fold domain has any deubiquitinase activ-
ity, we incubated FL Ddi1 with di-Ubs of all seven possible lysine
linkages. No cleavage was detected for any of the di-Ubs even
after 24 hr (Figure S4). Although we found no activity against un-
anchored di-Ubs, we cannot exclude the possibility that Ddi1
functions as deubiquitinase with a different substrate specificity.
Combining the above observations that the UBA and UBL do-
mains in Ddi1 tumble/behave independently with the role of RVP
as the homodimerization domain, we propose a putative model
of the FL Ddi1 structure, in which the three structured domains
are connected through flexible linkers (Figure 2G), making the
UBL and UBA domains available for independent interactions
with their respective binding partners.
UBA Domain of Ddi1 Binds Ubiquitin
Our structural studies confirmed the bioinformatics predictions
that Ddi1 contains an N-terminal domain with the UBL fold and
a C-terminal domain with the UBA fold. It is crucial, however,
to verify that these domains not only have the expected foldsts reserved
Figure 3. Structure Comparison of Ddi1UBL
and Ub
(A) Cartoon representation of the overlay of 3D
structures of Ub (orange) and Ddi1UBL (green).
(B and C) Cartoon representation of the structures
of Ub (B) and Ddi1UBL (C) with the side chains of
the hydrophobic core residues conserved among
all the UBLs (see Figure S1): L43, L50 in Ub (B) and
L45, L52 in Ddi1UBL (C) shown as spheres, colored
pink. Also shown in light-gray spheres are several
other residues that, together with the aforemen-
tioned residues, form the hydrophobic core in
Ub (V26, I30, L67, L69) and Ddi1 UBL (L28, L32,
L71, I73).
(D) Sphere representation of the hydrophobic patch
residues on the Ub surface.
(E) Sphere representation of the residues on the
surface of Ddi1UBL that form the hydrophobic
surface patch.
(F and G) Surface electrostatic potential (positive is
blue, negative is red) of Ub (F) and Ddi1UBL (G),
calculated using Adaptive Poisson Boltzmann
Solver (APBS) (Dolinsky et al., 2004). The coloring
range is ±4 kT/e for Ub and ±8 kT/e for Ddi1UBL.
Both proteins are oriented similarly, with the
b-sheet surface facing the reader. Location of
charged side chains and major hydrophobic resi-
dues on the surface of each protein is indicated by
arrows. See also Figure S3.but also the functions characteristic for a UBL and a UBA
domain. It was shown in previous studies that Ddi1 interacts
with Ub and polyUb through its UBA domain (Bertolaet et al.,
2001b; Kang et al., 2006); however, these interactions were
never studied in detail. To characterize Ub binding to the UBA
domain of Ddi1, we titrated Ddi1UBA into Ub and vice versa.
The results show strong site-specific chemical shift perturba-
tions (CSPs) in the hydrophobic patch residues of Ub, suggest-
ing their involvement in the interaction with Ddi1UBA (Figures
4A and 4B). In Ddi1UBA, the most perturbed residues are clus-
tered around Gly402, located in the loop between helices 1
and 2, Glu420 and Ala423 in helix 3, and Phe427 at the C termi-
nus (Figures 4D and 4E). The analysis of NMR titration curves
from this titration yielded the dissociation constant Kd of 150 ±
16 mM (Figures 4C and 4F), which is in the typical Kd rangeStructure 23, 542–557, March 3, 2015(4–500 mM) reported for interactions be-
tween monomeric Ub and other UBA
domains (Ohno et al., 2005; Raasi et al.,
2005; Trempe et al., 2005; Varadan et al.,
2005; Walinda et al., 2014; Zhang
et al., 2008). Based on the CSP data
from Ub:Ddi1UBA titrations, comple-
mented with intermolecular distance
constraints derived using site-directed
paramagnetic spin labeling (Figure S5),
we generated a structural model of the
Ub:Ddi1UBA complex using biomolecular
docking program HADDOCK (de Vries
et al., 2010). The ten lowest-energy struc-
tures showed good convergence, with the
backbone rmsd of 1.0 ± 0.2 A˚ for the sec-ondary structure elements (Figures 4G and 4H). In this complex,
the interface is formed by the hydrophobic patch of Ub and, on
the Ddi1UBA side, by the LGF motif in the loop connecting heli-
ces 1 and 2 and by Phe427 C-terminal to helix 3. This structure is
in good agreement with those reported for other Ub:UBA com-
plexes (Zhang et al., 2008).
Unexpectedly, the UBL Domain of Ddi1 Binds Ubiquitin
Because the Ub binding studies presented above were per-
formed for the isolated UBA domain of Ddi1, we wanted to
test whether our observations hold in the context of FL Ddi1.
For this we added, in 2-fold molar excess, unlabeled Ub to
15N-labeled FL Ddi1 (Figure 5). As expected, NMR signals corre-
sponding to Ddi1UBA showed shifts similar to those for the iso-
lated UBA, thus confirming the relevance of our binding studiesª2015 Elsevier Ltd All rights reserved 547
Figure 4. Characterization of Ub-Ddi1UBA Binding by NMR
(A–C) Titration of 15N-labeled Ub with Ddi1UBA. (A) Amide chemical shift perturbations (CSPs) in Ub at the titration endpoint. (B) CSP-based mapping of
Ddi1UBA-binding site (colored blue) on the surface of Ub (orange). (C) Titration curves for selected Ub residues in close proximity to the hydrophobic patch.
(D–F) Titration of 15N-labeled Ddi1UBA with Ub. (D) CSPs in Ddi1UBA at the titration endpoint. (E) Map of the Ub binding site (orange) on the surface of Ddi1UBA
(blue) based on the CSPs from (D). The CSP threshold in (B) and (E) was set to 0.1 ppm. (F) Representative titration curves for selected Ddi1UBA residues.
(G and H) Structure of the complex of Ub (orange) and Ddi1UBA (blue): (G) backbone traces of ten lowest-energy HADDOCK-derived structures of Ub:Ddi1UBA
complex, and (H) cartoon representation of the best structure of the complex. The location of the secondary structure elements in Ub andDdi1UBA is shown in the
top portions of the graphs in (A) and (D), respectively. See also Figure S5.described above. Surprisingly, however, in addition to the shifts
in Ddi1UBA signals, we observed an even bigger change in the
positions and intensities of the signals corresponding to
Ddi1UBL. This entirely unexpected result indicates that Ddi1 in-
teracts with Ub not only through the UBA domain but also
through the UBL domain.
Since, to the best of our knowledge, no interaction between a
UBL domain and Ub has yet been reported, we examined Ub
binding to an isolated Ddi1UBL domain. When Ub was added
to 15N-labeled Ddi1UBL, a number of UBL residues showed
strong CSPs (Figures 6A and 6C). Mapping residues with548 Structure 23, 542–557, March 3, 2015 ª2015 Elsevier Ltd All righCSPs >0.075 ppm at the endpoint of titration on the Ddi1UBL
structure allowed us to identify the putative binding site for Ub
(Figure 7A). Our results clearly show that residues mostly
affected by Ub binding are located on all five b strands of
Ddi1UBL and form a contiguous surface on the b-sheet side of
the protein. By contrast, the opposite (a helix) side of Ddi1UBL
appears not to be involved in Ub binding, as inferred from the
almost negligible CSPs observed there. It should be emphasized
here that the location of the binding site on the b-sheet side of
Ddi1UBL is consistent with the location of the ligand binding
site on Ub and other UBL proteins (Beal et al., 1996; Ryu et al.,ts reserved
Figure 5. Both UBA and UBL Domains of Ddi1 Bind Ubiquitin
Overlay of the 1H-15N TROSY spectra of FL Ddi1 alone (blue) and in the
presence of Ub in 2-fold molar excess (red). Single-headed arrows indicate
shifts of the UBL domain signals, and double-headed arrows mark shifts of the
UBA domain signals. The inset shows zoom on the spectral area indicated by
the dashed box. See also Figure S6.2003; Zhang et al., 2009). Fitting the titration curves to a 1:1 bind-
ing model (Figure 6E) gave the Kd value of 45 ± 7 mM (averaged
over 15 residues). The 1:1 stoichiometry of binding is supported
by the 15N T1 data (the average T1 at 14.1 T was 601 ± 37 ms for
Ddi1UBL alone and 951 ± 52 ms at the titration endpoint) and by
the fact that this binding model gave the best fit to the titration
curves.
Ubiquitin Interacts with the UBL Domain of Ddi1 via the
Hydrophobic Surface Patch
This totally unexpected interaction between a UBL domain
and Ub raised the question of whether Ub interacts with
Ddi1UBL through the same (hydrophobic patch) surface as
with other known Ub ligands or if it perhaps utilizes a different
binding site. To answer this question, we titrated 15N-labeled
Ub with unlabeled Ddi1UBL and monitored their interaction
by NMR. Upon addition of Ddi1UBL, a number of amide signals
of Ub changed their resonance positions significantly (Fig-
ure 6B). Moreover, signals of Ala46 and Gly47 disappeared
and then reappeared in the course of titration, which is
consistent with slow exchange on the NMR chemical shift time-
scale, indicative of tight binding. Interestingly, the overall
magnitude of the observed CSPs is similar to that in 15N
Ddi1UBL titrated with Ub (Figures 6C and 6D). Mapping the
CSPs on the structure of Ub revealed that Ub interacts with
Ddi1UBL through the same hydrophobic patch (centered at
residues Leu8-Ile44-Val70) as when binding to other known
Ub ligands (Figure 7A). Finally, the analysis of titration curves
(Figure 6F) gave the dissociation constant of 71 ± 6 mM
(averaged over 13 residues with CSP >0.075 ppm), in good
agreement with the results obtained above from the CSPs in
15N Ddi1UBL. The averaged 15N T1 value (956 ± 53 ms) forStructure 23,Ub in the complex with Ddi1UBL suggested the 1:1 stoichiom-
etry of binding, and indeed the titration curves were best fit with
the 1:1 binding model.
Ddi1UBL Pulls Out Ubiquitin Conjugates from Cell
Extract
In support of our NMR results, the interaction between Ddi1UBL
and Ub was also independently observed in a pull-down exper-
iment (Figure 6G), where immobilized His6-Ub was able to pull
out purified Ddi1UBL. Furthermore, His6-Ddi1UBL was capable
of pulling out Ub conjugates from the yeast cell extract lacking
Ddi1, DDI1D (Figure 6H), thus indicating that Ddi1UBL and Ub
interact at near physiological conditions. The latter result sug-
gests that the unusual capability of the UBL domain of Ddi1 to
bind Ub could be utilized in the cell.
Ubiquitin InteractswithUBLDomain of Ddi1 but Notwith
the UBL Domains of Dsk2 or Rad23
Encouraged by the above findings, we examined whether the
UBL domains from other UBL-UBA shuttle proteins can
interact with Ub. For this, the UBL domains of Rad23 and Dsk2
were separately titrated into 15N-labeled Ub up to 2:1 and 5:1
molar ratio, respectively. No changes in the NMR spectra of
Ub were observed (data not shown), indicating that neither
Rad23UBL nor Dsk2UBL interact with Ub. This then makes the
Ddi1UBL-Ub interaction unique, at least among the shuttle pro-
teins family.
Structure of the Ubiquitin:Ddi1UBL Complex
Given that the interaction between Ub and Ddi1UBL is entirely
novel, we set out to characterize the structure of their complex.
We obtained a structural model of the complex using
HADDOCK (de Vries et al., 2010), and two sets of experimental
intermolecular NMR constraints: (1) ambiguous constraints
based on the observed CSPs (Table S1) and (2) unambiguous
long-distance constraints (Table S2) derived from paramag-
netic relaxation enhancement (PRE) detected in 15N-labeled
Ddi1UBL upon addition of an equimolar amount of Ub carrying
a nitroxide spin label (MTSL) attached at residue 12 (Ub T12C).
The derived structure of the Ub:Ddi1UBL complex is shown in
Figures 7 and S7A. To verify the resulting structure, the atom
coordinates of Ddi1UBL in complex with Ub were used to
reconstruct the position of the spin label on Ub. The calcu-
lated position matched almost exactly the position of the
cysteine residue of Ub (Cys12) to which MTSL was attached
(Figure S7B).
As an independent validation of our structure of the Ub:
Ddi1UBL complex, the PREs in 15N-labeled Ddi1UBL caused
by MTSL attached to residue 75 in Ub (Ub G75C) agreed nicely
with their back-calculated values, and the reconstructed posi-
tion of the unpaired electron in MTSL was in close proximity to
Cys75 (Figure S7C). Note that these data were not used for the
docking. As a negative control, no major/systematic PREs
were detected in Ddi1UBL when MTSL was attached to Cys63
in Ub K63C. In the Ub:Ddi1UBL complex, residue 63 of Ub is
located at or above the MTSL PRE range (z25 A˚) from the
amides in Ddi1UBL, and hence too far to produce significant
PREs in Ddi1UBL (Figure S7D). Finally, as a separate indepen-
dent support for our findings, the NMR-derived structure of the542–557, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 549
(legend on next page)
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Ub:Ddi1UBL complex and the Kd value agree well with the re-
sults of SANS measurements (Figure S7G).
A detailed analysis of theUb:Ddi1UBL interface in the complex
revealed that the interprotein interaction is mediated primarily
through side chains of hydrophobic amino acids (Figures 7C
and 7D). Ub utilizes its hydrophobic patch (Leu8, Ile44, Val70),
whereas Ddi1UBL employs Ile13, Leu70, and Leu72 (Figure 7D)
that form an analogous patch on the UBL surface (Figure 3E), re-
sulting in the total buried surface area of1500 A˚2. Interestingly,
the interface contacts also include electrostatic/polar interac-
tions, most notably between Lys6 (Ub) and Asp68 (Ddi1),
Arg42 (Ub), Arg72 (Ub) and Glu8 (Ddi1), and His68 (Ub) and
Asp2 (Ddi1) (Figure 7D). These interactions, involving the oppo-
site charges on the b-sheet surfaces of Ub and Ddi1UBL (Figures
3F and 3G), could be responsible for strengthening the binding
between Ub and Ddi1UBL.
The Mode of Ub:Ddi1UBL and Ub:Ddi1UBA Interactions
Is Preserved under Physiological Salt Concentrations
The pulldowns (Figures 6G and 6H) clearly show that Ub
binds Ddi1UBL at physiological salt concentrations. To verify
that the mode of Ub:Ddi1UBL binding observed in our NMR
studies at low ionic strength (20 mM phosphate, no NaCl) is
preserved under physiological conditions, the NMR titration
studies were repeated in the presence of 150 mM NaCl. The
CSPs in Ddi1UBL at the endpoint of titration ([Ub]:[UBL] =
6:1) were essentially the same as in the absence of NaCl
(Figures 7E and S7), indicating that the binding interface and
the physical nature of the Ub:Ddi1UBL interactions are fully
preserved at physiological ionic strength. The Kd value
increased to 175 ± 25 mM (averaged over six residues), consis-
tent with weakening of charge-charge interactions at the inter-
face. These results support the relevance of our NMR data
obtained at low ionic strength and the important role of
electrostatic/polar contacts revealed by the structure of the
Ub:Ddi1UBL complex.
Similar conclusions were obtained for Ub:Ddi1UBA interac-
tion, where the CSPs in Ddi1UBA at saturation ([Ub]:[UBA] =
8:1) in the presence of 150 mM NaCl were almost identical to
those at low ionic strength (Figure S5) while the Kd increased
to 291 ± 13 mM, reflecting the weakening of electrostatic con-
tacts at the Ub:Ddi1UBA interface.Figure 6. NMR Characterization of Ub Binding to Ddi1UBL
(A) Overlay of 1H-15N SOFAST-HMQC spectra of 15N-labeled Ddi1UBL free in solu
zoom on selected regions to illustrate gradual shifts in the peak positions upon t
(B) Overlay of 1H-15N SOFAST-HMQC spectra of 15N-labeled Ub alone (blue) and
the residues used for Kd estimation are shown in insets. A46 and G47 exhibiting
(C) Amide CSPs in Ddi1UBL at the endpoint of titration with Ub (molar ratio 5.7:1) a
N-H resonances cannot be followed due to signal overlap.
(D) CSPs in Ub at the endpoint of titration with Ddi1UBL (5:1 molar ratio). P19, P
spectra are marked with asterisks. The location of the secondary structure eleme
respectively.
(E and F) Representative normalized titration curves for selected b-sheet residues
(G) Ub pulls down Ddi1UBL. Purified RGS-His6-Ddi1UBL or His6-Ub was immo
Ddi1UBL. Eluted analyte proteins were visualized by immunoblotting against RG
(H) Ddi1UBL pulls out Ub conjugates from yeast cell extract. As in (G), purified RG
Total protein extract was obtained from growingDDI1D yeast cells (strain lacking
proteins were detected by immunoblotting with anti-Ub. Themonomeric Ub seen
that came off the beads during elution with 8M urea. See also Figure S7.
Structure 23,Validation of the Ubiquitin:Ddi1UBL Structure by
Site-Directed Mutagenesis
To further validate the structure of the Ub:Ddi1UBL complex
and the critical role of the electrostatic contacts in this binding,
we performed a series of mutations, whereby the positively
charged residues (K6, R42, and R72 of Ub) forming contacts
with the negatively charged residues of Ddi1UBL were
substituted with Ala or Glu. The results (Figures 7E, 7F, and
S7J) show that substitutions of these residues one by one
with an Ala gradually decreased the strength of Ub:Ddi1UBL
interaction, such that a triple-Ala mutation (UbK6A,R42A,R72A)
reduced the binding drastically, and the triple-Glu mutation
(UbK6E,R42E,R72E) essentially abolished binding. In agreement
with the CSPs, no increase in 15N T1 of Ddi1UBL was detected
upon addition of UbK6E,R42E,R72E and only a marginal (5%,
within the SD) increase was observed in the presence of
UbK6A,R42A,R72A. Thus, these results corroborate our structure
of the Ub:Ddi1UBA complex.
UIMs of Ufo1 Interact with Ubiquitin but Not with Ddi1
We found earlier that, unlike Ub and the UBLs of Rad23 and
Dsk2, Ddi1UBL does not interact with the UIM of Rpn10 (Zhang
et al., 2009). To determine whether the lack of UIM binding is a
general feature of Ddi1UBL or merely Rpn10 specific, we exam-
ined Ddi1 interaction with the UIM domains of Ufo1, the only
ligand of Ddi1UBL proposed in the literature (Ivantsiv et al.,
2006). For this purpose, 15N-Ddi1UBL was titrated with unla-
beled Ufo1 construct containing all three UIMs (Ufo1UIMs)
(Figure 8B). Surprisingly, despite overloading Ddi1UBL with
Ufo1UIMs, up to Ufo1UIMs:Ddi1UBL molar ratio of 10:1, we
did not detect any significant changes in the Ddi1UBL spectrum
(Figure 8C). To further verify the lack of binding between the two
proteins, we performed a reverse titration, this time adding unla-
beled Ddi1UBL to 15N-labeled Ufo1UIMs; the Ufo1UIMs signals
were not perturbed even at a 10-fold molar excess of Ddi1UBL
(Figure 8A). Furthermore, no binding was detected when
15N-labeled FL Ddi1 was titrated with Ufo1UIMs, also up to
10-fold molar excess (Figure S8). These results indicate that
Ddi1 does not interact directly with Ufo1UIMs. Note that, based
on both NMR and circular dichroism data (Figure S8), Ufo1UIMs
were in the folded state after expression and purification, and
therefore capable of binding.tion (blue) and in Ub-bound state (at Ub:Ddi1UBL molar ratio 5:1). Insets show
itration.
saturated (red) with Ddi1UBL (at 5-fold molar excess). Gradual signal shifts of
slow exchange upon Ub binding are marked with ovals.
s a function of residue number. Asterisks indicate P16 and those residueswhere
37, P38, and several amides that could not be reliably observed in the NMR
nts in Ddi1UBL and Ub is shown in the top portions of the graphs in (C) and (D),
of Ddi1UBL (E) or Ub (F). The curves show fits of the data to a 1:1 bindingmodel.
bilized to activated CH-Sepharose beads and was incubated with RGS-His6-
S tag (see Supplemental Experimental Procedures for further details).
S-His6-DDI1UBL or His6-Ub was attached to activated CH-Sepharose beads.
Ddi1 gene). Beads loaded with proteins were incubated with cell extract. Eluted
in the elution from Ub-loaded beads likely reflects a small amount of the protein
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Figure 7. Structure of the Ub:Ddi1UBL Complex
(A) NMR-based mapping of the Ub:Ddi1UBL interface. Left: Ddi1UBL binding site (green) on the surface of Ub (orange). Right: Ub binding site (orange) on the
surface of Ddi1UBL (green). CSPs >0.075 ppm were used for mapping in both cases.
(B) HADDOCK-derived structure of the complex of Ub (orange) and Ddi1UBL (green).
(C) The Ub:Ddi1UBL interface is formed by both hydrophobic and polar/charged amino acids (shown as spheres colored orange and blue, respectively, for Ub,
and green and red for Ddi1UBL). Ribbon colors are as in (A) and (B).
(D) Specific side-chain contacts at the interface of theUb:Ddi1UBL complex. Hydrophobic amino acids of Ub: L8, I44, V70 (orange) and Ddi1: I13, L70, L72 (green)
are shown as spheres. Shown in stick representation are K6, R42, H68, R72 of Ub (pink) and D2, E8, D68 of Ddi1UBL (green) that form polar/electrostatic contacts
(shown as yellow dashed lines). To distinguish between Ub and Ddi1UBL residues, the latter are indicated in italic.
(E and F) Validation of the Ub:Ddi1UBL complex by measurements at physiological ionic strength and site-directed mutagenesis. (E) Amide CSPs in Ddi1UBL at
the endpoint of titration with wild-type Ub at 0 mM NaCl (top) and at 150 mM NaCl (center), and in the presence of 4-fold molar excess of UbK6A,R42A,R72A, also
at 150 mM NaCl (bottom). (F) Overlay of the NMR signals of Tyr14 of Ddi1UBL free in solution and upon addition of wild-type Ub or indicated Ub mutants, at
[Ub]:[UBL] = 4 and 150 mM NaCl. See also Figure S7.
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Figure 8. NMR Characterization of the Interactions between Ufo1UIMs and Ddi1UBL or Ub
(A) Overlay of 1H-15N SOFAST-HMQC spectra of Ufo1UIMs alone (red) and upon saturation (blue) with 10-fold molar excess of Ddi1UBL.
(B) Overlay of 1H-15N SOFAST-HMQC spectra of Ddi1UBL alone (red) and in the presence of Ufo1UIMs (blue) at 10:1 molar ratio.
(C) CSPs in Ddi1UBL at saturation with Ufo1UIMs. (10:1 molar ratio, as in B).
(D) Overlay of 1H-15N SOFAST-HMQC spectra of Ufo1UIMs alone (red) and upon addition of Ub (blue) at equimolar ratio.
(E) Overlay of 1H-15N SOFAST-HMQC spectra of Ub alone (red) and in the presence of Ufo1UIMs (blue) at equimolar ratio.
(F) CSPs in Ub at the titration endpoint with Ufo1UIMs (5:1 molar ratio). The location of the secondary structure elements in Ddi1UBL and Ub is shown in the top
portions of the graphs in (C) and (F), respectively.
(G) CSP-based mapping of the Ufo1-binding site (cyan) on the surface of Ub (orange). The CSP threshold was set to 0.1 ppm.
(H) Representative titration curves for Ufo1UIMs binding to Ub. The lines show fits of the data to amodel where all three UIMs in Ufo1UIMs bind Ub independently
and with equal affinities. See also Figure S8.We then usedUb as a positive control, anticipating binding be-
tween Ub and the UIMs. Indeed, after mixing 15N-labeled
Ufo1UIMs with Ub at a 1:1 molar ratio, we observed shifts and
signal attenuations in several Ufo1UIM residues (Figure 8D).
We then performed a full titration of 15N-labeled Ub with
Ufo1UIMs until saturation was reached (at 5:1 molar ratio) and
used the CSPs observed in Ub to map the Ufo1UIM binding sur-
face and quantify the strength of interaction (Figures 8E and 8F).
Residues with significant CSPs pointed to the hydrophobic
patch of Ub as the site for Ufo1UIM binding (Figure 8G). TakingStructure 23,into account the presence of three UIMs in Ufo1UIMs and
assuming that they bind Ub independently and with similar affin-
ities, the average dissociation constant for UIM:Ub interaction
was estimated to be 237 ± 52 mM (Figure 8H).
DISCUSSION
Ddi1 is a multidomain protein in which each domain performs
a different function. We found that the N- and C-terminal
regions of Ddi1 are structured, and despite low sequence542–557, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 553
identity to other UBL or UBA domains, they do adopt the
characteristic UBL and UBA folds, respectively. Moreover, all
three main domains of Ddi1, namely UBL, RVP, and UBA, do
not interact with each other and are connected via flexible
linkers that allow them to behave and interact with their targets
independently.
As already mentioned, Ddi1 differs from the other shuttle pro-
teins in its proteolytic roles and interacting partners. Our binding
studies revealed the source of the unique status of Ddi1 in the
family of UBL-UBA proteins. As expected, the UBA domain of
Ddi1 binds Ub and forms a typical UBA:Ub complex. The affinity
of Ddi1UBA for Ub is in between those of Rad23 UBA2 and
Dsk2 UBA. Surprisingly, however, the UBL domain of Ddi1 ex-
hibited completely unexpected binding preferences: it binds
Ub quite strongly (Kd z 45–70 mM) and is capable of pulling
out Ub conjugates from yeast cell extract. This interaction ap-
pears specific to Ddi1UBL, as none of the other UBLs that we
tested binds Ub.
The ability of Ddi1UBL to bind Ub is unusual and has not
been reported for any other UBL domain. It should be
mentioned here that monomeric Ub does bind Ub, albeit with
a much greater Kd (5 mM) than the physiologically relevant
concentrations of Ub (up to ca. 85 mM [Kaiser et al., 2011]). A
noncovalent interaction between Ub molecules has been
observed within some polyUb chains (Fushman and Wilkinson,
2011), as a result of either crystal packing forces or of tethering
Ubs to each other, which facilitates Ub:Ub binding through a
drastic increase, up to 80 mM (Liu et al., 2012), in the effective
local concentration of Ub.
Furthermore, Ddi1UBL is strikingly different from Ub and
other UBLs in that it does not interact with the typical Ub/
UBL binding domains such as UIM and UBA (at least those
tested so far). Unlike the other two yeast UBL-UBA shuttle pro-
teins (Rad23 and Dsk2) where the UBL and UBA domains
interact with each other (Dı´az-Martı´nez et al., 2006; Heessen
et al., 2005; Kang et al., 2006; Zhang et al., 2009), there is no
evidence for any in cis or in trans interactions between the
UBL and UBA domains of Ddi1 (this work; Bertolaet et al.,
2001a; Gabriely et al., 2008). Thus, DdiUBL is a protein with a
Ub-like fold that does not behave like Ub with respect to its
binding preferences.
What makes the UBL of Ddi1 unique? Like Ub and other UBLs
(Dsk2, Rad23, Rub1/Nedd8), Ddi1UBL utilizes residues located
on the b-sheet side of its surface for binding. The interface be-
tween Ub and Ddi1UBL is formed by hydrophobic contacts
and stabilized by neighboring polar and charged residues. In
Ub (and UBLs of other shuttle proteins, Dsk2 and Rad23) the hy-
drophobic patch is surrounded by positively charged side chains
(Figures 3 and S3). By contrast, the hydrophobic residues on the
b-sheet surface of Ddi1UBL are surrounded by negatively
charged side chains, making this surface complementary to
that on Ub. The interactions between the opposite charges on
Ub and Ddi1UBL are likely an important contributing factor to
the observed strong binding between the two proteins. Thus,
in addition to Ddi1UBL being a novel Ub binding domain, the
interface formed by the b-sheet surfaces of Ub and Ddi1UBL
presents a novel mode of interaction between Ub and its binding
partner, in which hydrophobic interface contacts are further
strengthened by the complementarity of the surface charges.554 Structure 23, 542–557, March 3, 2015 ª2015 Elsevier Ltd All righA striking feature of Ddi1UBL is its negatively charged b-sheet
surface. Interestingly, we found a similar arrangement of the hy-
drophobic side chains and the negative electrostatic potential on
the b-sheet surface of the UBL domain from amouse protein ho-
mologous to Ddi1 (Figure S9). By contrast, and similarly to their
yeast variants, the UBLs of the human homologs of Rad23 and
Dsk2 (Figure S9) feature a positively charged surface on their
b-sheet side; the same holds for the closest kin of Ub, Rub1
and Nedd8 (in mammals) (Singh et al., 2012). Note that the
b-sheet surface is partially negatively charged in SUMO (Walters
et al., 2004), but not to the same extent as in Ddi1UBL. These
observations suggest that the unusual and unique binding pref-
erences of yeast Ddi1UBL discovered in this study might be pre-
served in other organisms.
By finding that Ddi1UBL has binding preferences opposite to
other UBLs, we identified it as the source of the functional
difference between Ddi1 and other UBL-UBA proteins. The
UBL domain of Ddi1 stands out in the UBL family because it
contains a novel surface for a Ub-fold protein, which is
recognized in a completely different way. While the other
UBLs are competing with each other and with Ub for binding
to their shared receptors (such as Rpn1, Rpn10 UIM, and
UBAs) (Rosenzweig et al., 2012; Zhang et al., 2009),
Ddi1 UBL is suited for Ub binding and likely has its own recep-
tors. In fact, a recent study (Gomez et al., 2011) identified a
Ddi1-docking region on Rpn1 that differs from those for
Rad23 and Dsk2. This suggests that Ddi1 might supplement
Rad23 and Dsk2 rather than compete with them for targeting
ubiquitinated substrates to the proteasome. Thus, our findings
reveal the structural basis for the suggested role (Kim et al.,
2004) of the UBL domain as the critical element that differenti-
ates the proteolytic functions of Ddi1 and other yeast UBL-UBA
proteins, Rad23 and Dsk2.
That Ddi1 can bind Ub through both the UBL and UBA do-
mains, with the latter being a stronger Ub binder (e.g., Fig-
ure S6), suggests that some of the published data on
Ddi1 binding to Ub or ubiquitinated proteins might have to be
revisited. For example, our results suggest that the strong
binding between FL Ddi1 and Ub observed before (Bertolaet
et al., 2001b) could primarily reflect interaction of Ub with the
UBL domain rather than the UBA domain. It was shown in
previous studies that turnover of the Ufo1 protein depends on
Ddi1 (Ivantsiv et al., 2006). Surprisingly, we found no evi-
dence for direct interaction between Ufo1UIMs and FL Ddi1
(Figure S8) or Ddi1UBL domain (Figures 8 and S8). Instead,
we discovered and characterized Ufo1UIMs binding to Ub,
suggesting that the previously reported interaction between
Ufo1 and Ddi1 might be indirect and mediated through binding
to a Ub chain.
The finding that the UIMs of Ufo1 bind Ub but not Ddi1 sug-
gests a possible interplay between Ufo1 and Ddi1 in the degra-
dation of Ho endonuclease. Since Ho endonuclease is recruited
by Ufo1 to the SCF complex for ubiquitination, the UIMs of Ufo1
could interact with the Ub chain being built on Ho endonuclease
and possibly stabilize the chain’s buildup. That ubiquitination of
Ho endonuclease is required for its interaction with Ddi1 (Kaplun
et al., 2005; Tzirkin et al., 2003) implies Ddi1 binding (through the
UBL or UBA domains, or both) to the Ub chain on Ho endonu-
clease. Thus, both Ufo1 and Ddi1 could compete for bindingts reserved
Figure 9. Schematic Representation of a
Possible Function of Ddi1 as a Proteasomal
Shuttle in Yeast and Humans
A ‘‘classical’’ shuttle protein (e.g. Dsk2) employs a
UBA domain to recognize and bind (poly)Ub tag on
a substrate protein and a UBL domain to target it
to the proteasome (e.g., Zhang et al., 2009). In
yeast Ddi1 (s.c.), both the UBA and UBL domains
can recognize polyubiquitinated substrates. Hu-
man Ddi1 (h.s.) lost its UBA domain during the
evolution but still contains the UBL domain; the
dual functionality of the UBL domain should allow
Ddi1 to both bind polyUb tag and deliver poly-
ubiquitinated substrates to the 26S proteasome
for degradation.to the same Ub chain. Eventually, Ddi1 would bind to this
chain and trigger release of ubiquitinated Ho endonuclease
from the SCF either by outcompeting Ufo1UIMs or, as the chain
becomes long enough, by interacting with the ‘‘overhanging’’
portion of the chain. The latter could provide a mechanism for
controlling the appropriate chain length to signal degradation
of Ho endonuclease.
As a shuttle protein, Ddi1 is expected to recognize ubiquiti-
nated substrates and deliver them to the proteasome for degra-
dation. ‘‘Classical’’ UBL-UBA shuttles (Rad23 and Dsk2) utilize
their UBA domain(s) to bind to the (poly)Ub tag on a substrate,
and their UBL domain to bind to the 26S proteasome (ChenStructure 23, 542–557, March 3, 2015andMadura, 2002; Saeki et al., 2002), pri-
marily through theRpn1 subunit in the19S
regulatory particle (Elsasser and Finley,
2005; Gomez et al., 2011; Rosenzweig
et al., 2012). The unusual dual function-
ality of Ddi1 UBL, which is capable of
binding both Ub and 19S, suggests that
Ddi1 might not act as a classical shuttle
protein. One can envision that both UBL
andUBAdomains of Ddi1 could be bound
to a (long) polyUb tag (Figure 9), with sub-
sequent dissociation of the UBL to bind to
Rpn1 when in close proximity to 19S.
Another scenario could involve Ddi1 het-
erodimerization with Rad23 through
Ddi1 UBA domain (Bertolaet et al.,
2001a) and binding to polyUb through its
UBL domain. In this case, Ddi1 could act
together with Rad23 as a tandem shuttle,
and Ddi1UBL could also contribute,
together with UBA domains of Rad23, to
the protection of polyUb chain (Kang
et al., 2006) by ‘‘decorating’’ it with Ub
binding domains. Puzzlingly, unlike other
UBL-UBA shuttle proteins having both
UBA andUBLdomains conserved among
eukaryotes, Ddi1 has kept its UBLdomain
in higher eukaryotes but has lost its
UBA domain. This evolutionary change
might be another indication that Ddi1 per-
forms its shuttle protein role differentlyfrom Rad23 and Dsk2, if at all. We can speculate that Ddi1
dimerization through the RVP domain might make it possible
for aDdi1 homodimer to utilize twoUBLdomains for both binding
to polyUb tag and targeting it (together with the substrate) to the
proteasome (see Figure 9). Further structural and functional
studies are required to fully characterize and understand the
role of Ddi1 in cells. Nevertheless, the uncharacteristic properties
of the Ddi1 UBL domain revealed by our studies exemplify re-
modeling of protein function while preserving the 3D fold, and
emphasize the importance of understanding what it means for
a domain to be ubiquitin-like and for a shuttle protein to be a
shuttle.ª2015 Elsevier Ltd All rights reserved 555
EXPERIMENTAL PROCEDURES
Protein Constructs and Purification Procedures
The Ddi1UBL and Ddi1UBA constructs used in these studies contained
residues 2–80 and 389–428, respectively, of Ddi1 from S. cerevisiae. The
Ufo1UIMs fragment included Ufo1 residues 547–668 comprising three UIM
motifs. Complete details on all protein constructs and purification procedures
are given in Supplemental Experimental Procedures.
NMR Experiments
All NMR measurements were performed at 23C on Avance III 600 MHz and
800 MHz Bruker Biospin spectrometers equipped with cryoprobes. Protein
samples were prepared in 20 mM sodium phosphate buffer (pH 6.8) contain-
ing, when indicated, 150 mMNaCl. Complete details on all the NMRmeasure-
ments and analyses and the structure calculations are given in Supplemental
Experimental Procedures.ACCESSION NUMBERS
Atom coordinates deposited with the Protein Data Bank: Ddi1UBA (PDB ID
2mr9), Ddi1UBL (2mrp), Ddi1UBA:Ub (2mro), Ddi1UBL:Ub (2mws).SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
nine figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.str.2015.01.010.
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